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Abstract
Methane (CH4) is a potent greenhouse gas that is often found in a solid, hydrate clathrate
form in marine sediments along continental margins and will often escape from the seafloor
and rise through the water column as bubbles. The estimated marine methane hydrate
inventory is over 600 times greater than the current atmospheric concentration so the fate
of this ebullitive methane flux is of great interest. Traditional methods of measuring this
flux such as acoustic imaging, optical sensors, and modeling suffer from limited information
regarding the bubbles’ composition. Studies that attempt to constrain CH4 bubble composi-
tion suffer from low spatiotemporal resolution and adaptability. The current study presents
the design, development and deployment of a novel, in situ bubble sampling system, the
Bubble Delivery System (BDS), to quantify gas chemical composition in the water column.
The BDS was deployed at the Cascadia Margin – a region well known for its active CH4
bubble seeps – where 95 samples were collected from McArthur Ridge, Hydrate Ridge, Hec-
eta Deep and Heceta Shallow over the course of seven remotely operated vehicle dives. By
combining this approach with the use of an underwater mass spectrometer, in situ analysis
of these samples indicated that the bubbles contained between 84.6 to 100% CH4 and exhib-
ited a high level of variability both spatially and temporally. Bubbles emitted from Heceta
Deep exhibited anomalously elevated levels of carbon dioxide compared to the other sites.
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While carbon dioxide (CO2) often receives widespread attention as the primary driver of
climate change, methane (CH4) also plays a critical role [1–4]. CH4 is over 30 times more
potent of a greenhouse gas and has a radiative efficiency 1000 W/m2-ppb greater than CO2 [5].
While CO2 accounts for over 60% of atmospheric radiative forcing, its absolute atmospheric
concentrations are approximately 213 times that of CH4 [5]. According to the Intergov-
ernmental Panel on Climate Change (IPCC), greater than 50% of atmospheric CH4 comes
from anthropogenic sources, but natural sources such as wetlands and thawing permafrost
account for a large portion as well [5]. Once CH4 is released to the atmosphere, its direct
radiative effect is powerful but short lived. A single molecule of CH4 has an average life-
time in the atmosphere of only 11 y before it is oxidized to water vapor and then CO2 [6].
Other natural sources of CH4 are large reservoirs stored as gas hydrate, a solid, ice-like
state, along the continental margins and in frozen tundra in the northern latitudes (Figure
1-1) [3,7]. Approximately 99% of the world’s methane hydrate is stored in marine sediments
and modern estimates place the total reservoir size at 1800 Gt C [1].
Methane clathrate hydrate (hereafter referred to as methane hydrate) is formed under
high pressure, low temperature conditions by encaging CH4 molecules in a matrix of water
molecules [8]. In the ocean, the top of the hydrate stability zone (THSZ) begins in the
water column usually around 300-500 meters below sea level (mbsl). Since temperature
decreases and pressure continues to increase approaching the seafloor, the bottom of the
hydrate stability zone (BHSZ) is located below the seafloor at the point where geothermal
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Figure 1-1: Map displaying the worldwide distribution of known and inferred methane
hydrates. Figure reprinted from [3].
temperature surpasses the effect of increasing lithostatic pressure and gas hydrates are no
longer stable (Figure 1-2) [1]. The extent of this zone from the THSZ to the BHSZ is known
as the gas hydrate stability zone (GHSZ). With some exceptions (see Section 1.3.2), CH4
within the GHSZ exists almost exclusively in its hydrate form, and when free gas escapes
into the water column as bubbles, they form a hydrate film on the surface. Methane hydrates
concentrate CH4 gas into a much smaller volume than free gas. One square meter of methane
hydrate contains over 170 m2 of CH4 gas, at standard temperature and pressure [1].
The existence of methane hydrates in marine sediment can often be inferred by acousti-
cally imaged CH4 bubble flares originating within the GHSZ or by seismic sediment reflection
surveys [1]. The density of gas hydrate is typically less than that of the surrounding sed-
iment so the change in the impedance of sound traveling through the sediment during a
seismic survey results in a bottom simulating reflection (BSR) that is interpreted as the
BHSZ [9, 10]. The International Ocean Drilling Program (IODP) has recovered many sam-
ples of gas hydrates sparsely distributed in the pore space of drill cores [11]. This finding has
led to drastically reduced estimates of the world wide gas hydrate inventory which assumed
that all of the available pore space in areas with BSRs were filled with hydrates [3].
With an atmospheric CH4 concentration of approximately 3 Gt C, the estimated global
inventory of methane hydrate has led to discussion of the potential climatological impacts
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Figure 1-2: Schematic depicting the GHSZ. Hydrostatic pressure increases linearly with
depth and the green line indicates water temperature. Inside the yellow zone, CH4 exists
in its gaseous state. Inside the purple zone, methane hydrates are stable. Once below the
seafloor, the temperature increases until it it outside the GHSZ. Figure reprinted from [1].
if these reserves or a fraction thereof are rapidly released to the atmosphere due to warming
ocean waters (in the case of marine reserves) or warming atmosphere (in the case of the
terrestrial reserves) [6, 9, 12–16]. These discussions reference current rising temperature
trends and historic thermal maximums shown in the paleoclimate record in which isotopically
light carbon tracers indicated elevated levels of atmospheric CH4 which could have caused
global scale warming [2, 17,18].
There is a continuous release of CH4 gas bubbles from marine sediments in these methane
hydrate rich continental margins that may be amplified by rising ocean temperatures [1,6].
The ebullitive, or bubbling, CH4 flux from the seafloor, into the shallow mixed layer, and
ultimately into the atmosphere is poorly constrained. In order to understand the fate of the
released CH4 gas, it is important to know where the gas came from and how it is released
into the water column. The following sections explore our current knowledge of the sources
of CH4 and methane hydrate in marine sediments (Section 1.2), the forcing mechanisms that
cause its ebullition (Section 1.3), and a review of the studies that attempt to constrain its
flux (Section 1.4).
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